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Iron and oxygen interactions control oxygen fugacity and thus most of the global 
geochemical processes (1, 2). Extreme pressures and temperatures (PT) characteristic for 
Earth’s deep interior are known to drastically affect the chemistry of these elements and to 
promote the formation of oxides unstable at ambient conditions, such as the homologous 
series of nFeO mFe2O3 and FeO2 (3–6). To elucidate the chemistry of oxygen and the 
crystal chemistry of iron-oxygen compounds in detail, we use in situ single-crystal X-ray 
diffraction and Mössbauer spectroscopy in diamond anvil cells and ‘density-functional 
theory plus dynamical mean-field theory’ (DFT+DMFT) calculations. Here we report that 
at extreme PT conditions the oxidation state of oxygen in FeO2 is equal to 1.5-, and in 
major phases that constitute the lower mantle and the core-mantle boundary (CMB), the 
value deviates from 2-. The crystal chemistries of Fe,Al-bearing silicate perovskite 
(bridgmanite, Brg) and post-perovskite (PPv) considerably change: iron enters an 
octahedral structural position, the amount of iron in pure iron silicate perovskite and post-
perovskite can be larger than the amount of silicon, and the quantity of iron in co-existing 
Brg and PPv may be significantly different. The formation of an oxygen reservoir in 
Earth’s lower mantle (3, 7) is one of many consequences that can influence the dynamics 
and chemistry of the CMB, and alteration of the oxidation state of oxygen at high pressure 
as shown in this work can considerably contribute to this process. 
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Iron is considered to be the only geochemically abundant element in Earth’s interior with a 
variable oxidation state. At ambient or low pressures, three different iron oxides are known – 
Fe2O3 (the mineral hematite), Fe3O4 (magnetite, the oldest known magnetic material), and FeO 
(wüstite, typically non-stoichiometric and iron deficient). Recently numerous iron oxides with 
unexpected compositions (Fe4O5, Fe5O6, Fe7O9, Fe5O7, Fe25O32 etc.), unusual crystal structures, 
and intriguing physical properties were synthesized at high pressures and high temperatures 
(HPHT) (5, 8–10). Hu et al. (11) reported a novel iron oxide FeO2. Its cubic symmetry and space 
group ( ) were established using multigrain analysis (6). The compound was interpreted as 
pyrite-structured ferrous iron peroxide, and the crystal structure was refined from powder X-ray 
diffraction (XRD) data on the basis of this model (6). The chemical nature of the FeO2 
compound still remains to be uncertain, ranging from a dioxide (with no direct chemical bonds 
between O2- oxygen ions) to a peroxide (with covalent bonds between oxygen atoms forming 
O2
2- anions) (12, 13). A straightforward way to elucidate the nature of the FeO2 compound is to 
synthesize single crystals of FeO2 and investigate them in situ in a diamond anvil cell (DAC). 
Here we performed a series of synthesis experiments in DACs (see Methods in 
Supplementary Materials, Fig. S1, Table S1), obtained the single crystals, and applied 
synchrotron single-crystal X-ray diffraction and Mössbauer spectroscopy in order to clarify the 
structure of FeO2 and the state of iron.  
To perform the experiments, a foil of pure iron was placed in a DAC along with 
cryogenically loaded oxygen. Compression of iron in oxygen at ambient temperature to 25(1) 
GPa did not result in any chemical reaction. At this pressure, laser heating of the sample at 
~1500(100) K led to formation of Fe2O3 (space group R3-c, lattice parameters a = 6.271(7) Å, c 
= 7.662(4) Å) (Fig. S2), in agreement with literature data (8). After further pressure increase to 
46(1) GPa the sample was laser heated at ~1200(100) K. The XRD pattern of the temperature 
quenched product appeared to be drastically different. XRD analysis led to the identification of a 
cubic FeO2 phase with unit cell parameter a = 4.4313(14) Å), which is close to the values 
previously reported for “pyrite-type” FeO2 (6, 13). 
Iterative heating of the samples at different pressures led to the growth of single-crystal 
domains of the cubic FeO2 phase, which were appropriate for obtaining XRD data of sufficient 
quality for structure solution and refinement (Methods, Tables S1, S2, S3). The structural 
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analysis showed that the shortest O-O distance varies from 2.203(4)Å to 2.090(10) Å within the 
pressure range 36 to 73 GPa. From the crystal-chemical point of view, such a large value for 
the shortest O-O distance suggests the absence of chemical bonding between these oxygen 
atoms. Thus, the cubic FeO2 structure (Fig. 1) belongs to the HP-PdF2 structure type (14, 15) (see 
also Supplementary Discussion), rather than to the pyrite-type. 
An explicit examination of the calculated electronic structure (see Methods, Fig. S13 and 
Fig. S14) and charge density distribution (Fig. 1) confirms that the oxidation state of Fe in HP-
PdF2-type FeO2 is close to 3+ and that there is a noticeable absence of O-O bonding to at least 
180 GPa. Mössbauer spectroscopy data (Fig. S4) are consistent with iron in the Fe3+ state (3, 16). 
Our experimental and theoretical results (Fig. 1 and Supplementary Information) thus imply that 
the oxidation state of oxygen in HP-PdF2-type FeO2 is equal to 1.5- due to oxygen-metal 
negative charge transfer (Fig. S13). Such a charge transfer is expected to shorten the Fe-O 
distance and consequently the volume of FeO6 octahedra, which should lead to both iron 
polyhedra and the entire structure becoming very incompressible. Indeed, fitting the pressure-
volume data for cubic FeO2 with the Birch-Murnaghan equation of state (EoS) gave EoS 
parameters with a large bulk modulus: V0=97.6(3) Å
3/unit cell, bulk modulus K0=305(9) GPa, 
and K´=4.0 (fixed). Compressibility of FeO6 octahedra is very low (K0,octahedron=350(4) GPa) and 
their volume is significantly smaller than that known for any other compound, including those 
with ferric iron Fe3+ in the low-spin state (Fig. 2). 
Our results show that HP-PdF2-type iron dioxide FeO2 can form at 45 GPa. Although this 
pressure corresponds to a depth of 1150 km within the upper part of Earth’s lower mantle, the 
appearance of FeO2 in this deep region is hardly possible, since the high oxidation state of iron 
Fe3+ is not plausible for any equilibrium homogeneous lower-mantle assemblage with oxygen 
fugacity below the iron-wüstite buffer (2). However, prominent changes in oxygen chemistry 
could affect the behavior of major lower mantle phases, particularly those containing iron (such 
as bridgmanite, Brg), and the effect should be most pronounced for iron-rich compounds. 
Formation of pure Fe-bridgmanite with composition Fe0.88SiO3 (generalized perovskite 
formula ABO3, A=Fe
2+
0.64Fe
3+
0.24, B=Si) was reported (17) to be a result of a transformation of 
skiagite-majorite garnet Fe1.19Si0.81O3 at high temperatures and pressures of 45 to 110 GPa. 
Heating this garnet to 2500(150) K above 125 GPa resulted in the formation of a mixture of 
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perovskite- and post-perovskite-structured phases, and of pure post-perovskite above 145 (see 
Supplementary Materials). In Fe-bridgmanite synthesized below 110 GPa the iron content is 
lower than the silicon content and iron is absent in the B-site. However the refinement of single-
crystal XRD data for Fe-bridgmanite at 141(3) GPa, for example, resulted in the composition 
Fe0.92(2)(Si0.85(4)Fe0.15(4))O3, and Fe0.92(4)(Si0.88(2)Fe0.12(4))O3 for post-perovskite at 144(3) GPa 
(Table S4; according to XRD, oxygen positions are fully occupied). This means that (a) iron 
enters octahedrally coordinated B-sites, (b) within measurement uncertainty the transformation 
from skiagite-majorite garnet to high-pressure phases is isochemical, and (c) pure iron silicate 
post-perovskite really exists (Fig. 3) 
Such drastic changes in crystal-chemistry suggest that chemical bonding in silicate phases at 
conditions of the lower part of the lower mantle should also change. Indeed, for both perovskite 
and post-perovskite Fe(Si0.75Fe0.25)O3 phases in which the B-site is 25% occupied by iron atoms, 
DFT+DMFT simulations (see Methods and Supplementary Discussion) with unit cell volume 
corresponding to 140 GPa predict that Fe+2 and Fe+3 will be located in the A and B sites, 
respectively, and that the oxygen oxidation state (which is equal to 2- in FeSiO3) will remarkably 
change and become ~ 1.9- due to formation of a hole on oxygen sites. The alteration of the 
oxidation state of oxygen is similar to that found for FeO2, although mechanisms of the change 
are different for the silicate and oxide systems (see Methods, Fig. S15). 
Single-crystal XRD supported by Mössbauer spectroscopy (see Methods and Supplementary 
Discussion) allow the determination of the amount of ferric iron in Fe-bridgmanite or post-
perovskite. For example, for Fe-bridgmanite synthesized at 100 GPa the resulting composition is 
Fe2+0.71Fe
3+
0.17SiO3. The total cation charge is thus equal to 5.93+, which within uncertainty 
implies an oxygen oxidation state equal to 2-. In the case of Fe,Al-bearing post-perovskite 
synthesized at 155 GPa, the analysis (Fig. S11) gives the formula 
Mg0.86Fe
2+
0.12Fe
3+
0.02Si0.91Al0.04O3 and a total cation charge of 5.78+, thus the formal charge on 
oxygen is less than 2- in accordance with theoretical predictions. 
Laser heating of a single crystal of silicate perovskite Mg0.60Fe0.40Si0.63Al0.37O3 (see FE37 in 
Table S4 and Supplementary Materials) at 153(5) GPa and 2700(150) K resulted in the 
formation of several single-crystal domains with the lattice parameters of bridgmanite and post-
perovskite (Table S4). Post-perovskite domains (for example, (Mg0.77,Fe0.23)(Si0.62,Al0.37)O3, 
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Table S4) show an almost two-times iron depletion in comparison with the initial bridgmanite. In 
contrast, crystallites with the perovskite structure are enriched with iron (for example, 
(Mg0.42,Fe0.68)(Si0.57,Al0.37,Fe0.06)O3, Table S4) and accommodate a small amount of iron at the 
B-site. Silicate perovskites with such a large iron content are not stable at low (or ambient) 
pressure (18, 19) and should decompose. Indeed, TEM analysis (Supplementary Materials) of a 
sample recovered to ambient conditions reveals its chemical inhomogeneity, including the 
appearance of submicron-size crystals of magnetite (Fe3O4). The observation of magnetite 
(Fe2+/Fe=0.33) is remarkable, because iron in the starting perovskite was nearly pure ferric iron 
(Fe2+/Fe=0.07(3) (20), and the presence of Fe3O4 supports the inference that the course of 
transformation at 150 GPa leads to ferric iron being partially reduced by oxygen. 
 Experiments on single crystals of Fe,Al-bearing bridgmanite with different compositions 
(Mg1-x,Fex)(Si1-y,Aly)O3 (x=0.12-0.17; y=0.03-0.06) (particularly the samples designated as FE17 
and FE14 in (17) and Table S4, see Supplementary Materials) were performed at pressures of 
137 to 155 GPa and temperatures of 2400 – 2700 K. In all cases, the formation of only silicate 
perovskite and post-perovskite phases was observed, but due to the small overall iron 
concertation and the relatively large uncertainties associated with harsh experimental conditions, 
it is difficult to draw quantitative conclusions regarding the chemical composition of the 
products of reactions and the oxidation state of iron. Still, formation of domains of phases with 
slightly different unit cell parameters/volumes was observed in all experiments (Table S4), and, 
as a rule, the amount of iron in post-perovskite is smaller than in co-existing (or starting) 
perovskite. In some cases there is evidence that iron is incorporated in the B-site: for example, 
upon heating of sample FE17 at 142(3) GPa, a perovskite domain with a composition 
(Mg0.82(4),Fe0.18(4))(Si0.92(5),Fe0.08(5))O3 formed (Table S4). 
The substantially reduced oxidation state of oxygen confirmed in HP-PdF2-type FeO2 and 
evident in silicate PPv suggests that at certain high-pressure high-temperature conditions, i.e. 
starting from a certain depth in the Earth’s interior (Fig. 4), a larger amount of oxygen is required 
in order to balance the same amount of cations compared to lower PT conditions. This could 
contribute to the formation of an oxygen reservoir in the Earth’s lower mantle (3, 7), which can 
influence the dynamics and chemistry of the core-mantle boundary (CMB). Our in situ single-
crystal diffraction data show that at pressures relevant for the D´´ layer at the CMB, silicate post-
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perovskite is depleted in iron with respect to initial (or co-existing) Fe,Al-bearing bridgmanite. 
This agrees with reports of a drastic increase in iron partitioning into ferropericlase compared to 
silicate in the stability field of post-perovskite (21, 22), probably associated with changes in the 
oxidation states of iron and oxygen (22, 23). Variations in the oxidation state of iron and 
partitioning of differently oxidized species between co-existing phases can be one reason for the 
large transformation pressure range across the bridgmanite-post-perovskite boundary (24). A 
significant difference in densities of co-existing bridgmanites and post-perovskites (for example, 
in FE17 (Table S4), the densities of co-existing silicate perovskite and post-perovskite are 
6.00(3) g/cm3 and 5.84(3) g/cm3, respectively) may lead to dynamic instabilities at the bottom of 
the lower mantle, formation of rising plumes and accumulation of dense material forming global-
scale heterogeneities such as large low-shear-velocity provinces (LLSVPs) detected by seismic 
observations (25), nearly antipodal beneath the Pacific Ocean and Africa. Evidence for chemical 
differences between these regions and the surrounding mantle includes sharp margins and anti-
correlated anomalies between bulk and shear sound velocities in LLSVPs. Although the identity 
and origin of these regions is still unknown, the likely high density of LLSVPs may be explained 
by enrichment in iron (26) and linked to the changes in oxygen chemical behavior. 
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Fig. 1. Comparison of crystal structures of HP-PdF2-type FeO2 and pyrite-type MgO2 peroxide. (a) 
Crystal structure of cubic (HP-PdF2-type) FeO2 as refined from single-crystal XRD data (iron – brown, 
oxygen – red). XRD data were taken from the temperature quenched sample obtained after heating iron in 
oxygen at 58(1) GPa and 1800(100) K in a DAC (Tables S1, S2). The shortest experimentally determined 
O-O distance is 2.137(2) Å, which is too large for a peroxide-type structure and prevents consideration as 
a pyrite-type. (b) Crystal structure of pyrite-type MgO2 peroxide (magnesium atoms  – blue-green) at 
ambient conditions (27). The shortest O-O distance is 1.492(3) Å. (c) Valence electron density plot for 
cubic FeO2 for the unit cell volume 83.0 Å3 (corresponding to ~69 GPa). We performed a full structural 
optimization and computed the lattice parameters and the electronic properties of the HP-PdF2-type 
crystal structure of FeO2, using a fully charge self-consistent DFT+DMFT approach (Methods, Fig. S12, 
S13). The theory confirms that the shortest O-O bond length even at a pressure as high as 180 GPa 
remains sufficiently large (~1.86 Å), suggesting the absence of covalent ‘molecular’ (O2)3- bonding in 
FeO2. (d) Valence electron density plot for cubic MgO2 for the unit cell volume 113.3 Å3 (ambient 
pressure) as obtained by DFT (HSE03) calculations. For MgO2 the formation of ‘molecular’ (O2)2- bonds, 
with ~21% of a maximal electron density value in the center of the O-O contact, is evident. In contrast, 
for cubic FeO2 the maximal electron density at the center of the shortest O-O contact is only ~5% and 
thus the calculations support the Fe3+(O1.5-)2 electronic configuration. As non-integral values, the oxygen 
oxidation states seem to contradict the recently given refined generic definition of oxidation state as ‘the 
atom’s charge after ionic approximation of its heteronuclear bonds” (28). The solution to overcome the 
limitation of the ionic approximation is found in modern computational chemistry allowing a proper 
accounting of electron distribution around atoms (29) and calculation of oxidation states from first 
principles (30). In the case of FeO1.5-2, the value of 1.5- (O1.5-), which is considerably different from 2- 
(O2) which is common for oxides, thus describes the partial atomic charge that accounts for the average 
number of electrons assigned to oxygen atoms in HP-PdF2-type FeO2 and can be explained by an oxygen-
metal negative charge transfer (Fig. S14). 
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Fig. 2. Compressional behaviour of HP-PdF2-structured cubic FeO2. (a) Variation of the unit 
cell volume as a function of pressure: red squares – single-crystal XRD data, dashed black line – 
fit of this P-V data with the Birch-Murnaghan equation of state (V0=97.6(3) Å
3, K0=305(9) GPa, 
K´=4.0 (fixed)); blue triangles – powder XRD data according to Hu et al. (6). The EoS 
parameters obtained on the basis of our experimental data are close to those theoretically 
calculated by the DFT+DMFT method (V0=99.6 Å
3, K0=270 GPa, K’=4.0) which are in 
agreement with earlier simulations (31). (b) Pressure dependence of volumes of FeO6 octahedra 
in various compounds according to (30) and references therein. Red open stars designate the data 
for HP-PdF2-structured cubic FeO2; red circles – hematite (-Fe2O3); blue and yellow circles – 
two different octahedra in calcium ferrite (CaFe2O4-1) and (CaFe2O4-2), respectivey; green 
triangles – iron borate (FeBO3); blue triangles – goethite (-FeOOH); yellow triangles – 
andradite (Ca3Fe2(SiO4)3); open red squares – CaIrO3-type structured -Fe2O3 (ppv-Fe2O3); blue 
squares – magnetite (Fe3O4); yellow squares – iron carbonate (FeCO3). 
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Fig. 3. Experimentally determined crystal structures of pure-iron CaIrO3-structured silicate post-
perovskite and GaFeO3-structured orthorhombic silicate perovskite bridgmanite. (a) Iron post-
perovskite synthesized at 144(3) GPa and 2700(150) K with chemical composition 
Fe0.92(4)(Si0.88(2)Fe0.12(4))O3. (b) Fe-bridgmanite synthesized at 143(3) GPa and 2500(150) K with chemical 
composition Fe0.92(2)(Si0.85(4)Fe0.15(4))O3 (see also Tables S1, S4) Crystal structures of both materials are 
built up from bi-caped prisms (“A-site”, light brown) and octahedra (“B-site”, blue) formed by oxygen 
atoms (red spheres). In Fe-bridgmanite octahedra are linked through vertices forming a 3D network, and 
in post-perovskite edge-sharing octahedra are arranged in columns that are combined through vertices to 
form 2D layers. Fe cations are shown as brown spheres, and Si as blue spheres. According to single-
crystal XRD data, iron cations enter B-sites (Si-positions) of the structures (this is designated by brown 
segments in the blue spheres). 
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Fig. 4. Schematic diagram showing variation of iron and oxygen oxidation states through different 
geospheres. Iron and oxygen interactions control oxygen fugacity and thus most of global geochemical 
processes (1, 2). So far, iron has been considered to be the only geochemically abundant element within 
the solid Earth to have a variable oxidation state. In the crust and the upper mantle, the amount of ferric 
iron is higher than in the lower mantle (2) while the Earth’s core is formed of iron alloys. Our 
experiments and earlier data (6) demonstrate that at pressures up to 45 GPa, the most oxygen-rich oxide 
is Fe2O3. At higher pressures HP-PdF2-structured cubic FeO2 with O1.5- becomes stable. While the crust 
and mantle are dominated by O2-, near the core-mantle boundary the oxidation state of oxygen changes 
and may be described as O(1.5+)- (<0.5; 0.43 in silicate post-perovskite. For clarity the thickness of 
Earth layers is not drawn to scale. 
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